Partial discharge (PD) is an early manifestation of multiple cable faults. The traditional PD monitoring method has a weak monitoring effect and low positioning accuracy when monitoring the PD of cable. This paper proposes a distributed on-line monitoring method for cable PD based on phase-sensitive fiber-optic time domain reflection (ϕ-OTDR) principle. Firstly, the production and propagation model of the partial discharge ultrasonic wave (PDUW) of the cable was established and simulated, and the distribution of PDUW inside the cable with different conditions and different structures was obtained. Then we established a model of cable PDUW, and the backscattered Rayleigh light intensity in fiber and theoretically analyzed and experimentally verified the relationship between the cable PDUW and backscattered Rayleigh light intensity in fiber. The experimental results are consistent with the theoretical analysis. When the cable has PD, the backscattered Rayleigh light intensity change of the PD position is higher than the intact position. We analyzed the experimental data and obtained the judgment conditions of the cable PD. Finally, we calculate and obtain the sensitivity of the monitoring method to different cables and the warning value when cable PD is abnormal.
I. INTRODUCTION
Defects in the production and installation of power cables and stresses by electrical, thermal, and mechanical during operation can cause cable insulation to crack and partial discharge (PD) [1] - [3] . PD can cause insulation to crack quickly and cause cable failure at the end, which affects production and even endangers life. Therefore, it is essential to find the partial discharge of the cable as soon as possible to reduce the occurrence of cable faults, improve the reliability of power supply, and ensure the safe and stable operation of the power system.
Electric pulse, electromagnetic wave, luminescence, heat generation, ultrasonic wave, gas generation, and other phenomena occur when cable occurs PD [4] , [5] . PD monitoring method mainly judges and locates PD by monitoring the above phenomenon. High-frequency pulse current
The associate editor coordinating the review of this manuscript and approving it for publication was Boxue Du . monitoring is highly sensitive, but it is susceptible to electromagnetic interference, and the method has poor positioning accuracy [6] , [7] . When the high frequency pulse current method monitors a PD of a short distance cable line, only a high frequency current sensor is required. Long-distance cross-connected cable lines require a large number of sensors and require a dedicated communication network to transmit large amounts of monitoring data [8] . When the cable is cross-connected, the pulse current interferes, which causes a positioning error [9] . The transient earth voltage monitoring method applies to the monitoring of cable terminal joints, branch boxes, switch cabinets, etc., and is not suitable for distributed monitoring of cables [10] . The ultra-high frequency (UHF) method has the advantages of strong anti-interference ability and high sensitivity and has full application in GIS power transformers and cable connectors [11] . When a PD occurs inside the cable, the UHF signal can be transmitted from the cable connector and the ground line to the air. Therefore, the UHF method has poor positioning accuracy for the partial discharge fault inside the cable and UHF signals are attenuated severely over long distances in the air [12] . The ultrasonic monitoring method has the same advantages as UHF [13] , [14] . The traditional ultrasonic detection method uses ultrasonic sensors to monitor. When passing through a long-distance and multiple shielding structure, the ultrasonic waves are rapidly attenuated and cannot be detected. Traditional ultrasonic PD detection methods cannot monitor PD of cables in a distributed manner. Distributed optical fiber vibration monitoring technology based on phase-sensitive optical time-domain reflectometry (ϕ-OTDR) principle can monitor and locate vibration along optical fiber [15] , [16] . The partial discharge ultrasonic wave (PDUW) of cables causes the vibration of the surrounding media, so we can monitor the vibration of the PDUW of the cable by distributed fiber vibration monitoring technology and then judge and locate the PD inside the cable [17] .
In this paper, we propose an online monitoring method for the PD of cables based on the principle of ϕ-OTDR. This method uses optical fiber that is pre-positioned inside cables or laid on the surface of cables to monitor the PDUW of cables, and then determine and locate the partial discharge PD of cables. Firstly, we establish and simulate the production and study the distribution of PDUW inside cables with different conditions and different structures. Then, we theoretically analyze and experimentally verify the relationship between the PDUW of the cable and the variation of the backscattered Rayleigh light intensity (BRLI) in the optical fiber. Further, we analyze the experimental data and obtain the judgment conditions of the cable PD. Finally, we calculate and obtain the sensitivity of the monitoring method to different cables and the warning value when cable PD is abnormal.
II. THE PRINCIPLE OF THE ONLINE MONITORING METHOD
In this paper, a model for the generation of PDUW was established, and the calculation method of ultrasonic sound pressure at the PD point was obtained. Then the propagation of the ultrasonic wave inside the cable and the relationship between the ultrasonic sound pressure and the fiber strain were studied. Finally, the relationship between fiber strain and BRLI was analyzed by using the ϕ-OTDR based acoustic wave monitoring model. Through the above research, we obtained the relationship between the partial discharge of the cable and the change of BRLI in the fiber.
A. GENERATION MODEL OF PDUW
When an air gap occurs in the XLPE cable insulation medium, partial discharge is likely to occur inside the air gap accompanied by ultrasonic generation. The main reason for the generation of ultrasonic waves is that when a PD occurs inside the air gap, the heat of the PD point causes the air pressure of the air gap to increase, and after the PD ends, the heat loss causes the gas pressure to decrease. Repeated PD causes repeated changes in the pressure of the air gap, eventually producing ultrasonic waves. PD pulse duration is short, about 1-100ns [18] . The PD pulse duration is short, about 1-100 ns, so the heat generated by the PD is concentrated at the PD point, causing the pressure of the small-range air gap ball to increase. The increase in pressure P can be expressed as Eq. (1) .
where P 0 represents the pressure of the air gap ball at 0 • C, P 0 = 101325Pa. β 0 represents the coefficient of expansion of the air gap ball at 0 • C, β 0 = 3.66 × 10 −3 K −1 . t is the temperature change of the air gap. Its expression is Eq. (2).
In Eq. (2), W is the energy of single PD. W = qU 2, q apparent discharge magnitude. U is cable operating voltage. λ is the percentage of thermal expansion energy in the total energy of PD, and its value range is 0.03-0.08 [19] . C v is the specific heat at constant volume of the air gap ball under normal working temperature and pressure, m is the mass of the air gap ball. m = 4π R 3 ρ 3. R is the radius of the air gap ball, R = 0.2mm ∼ 0.6mm [20] . ρ is the density of the air gap ball.
Bringing the Eq. (2) into the Eq. (1), the increase in air gap ball pressure P when the cable occurs PD, and the pressure of the PDUW p R can be obtained.
Eq. (3) is the equation of discharge and the PDUW pressure, and when the discharge of the cable is known, the PDUW pressure of the PD point can be calculated. It can be known from Eq. (3) that the more considerable discharge, the higher the PDUW pressure at the PD point.
B. ANALYSIS OF PDUW PROPAGATION AND FIBER DEFORMATION
Cables are made up of a variety of materials to form a complex structure. The PDUW generated at the PD point is transferred to the surface of the cable through a complicated process. This paper only considers the shortest path from the PD point to the cable surface, which is perpendicular to the interface of the cable insulation medium. The PDUW of the cable belongs to the spherical wave and belongs to the longitudinal wave because the vibration direction of the wave is the same as the propagation direction [21] . Due to inertia, the air gap ball will vibrate continuously and damply, and repeated PD generates continuous PDUW.
A schematic diagram of the spherical wave propagating in a n-layer media is shown in Figure 1 . In Figure 1a , p s is a sound source. M i and M i+1 is the intermediate medium with limited thickness, representing the intermediate medium on the PDUW propagation path inside the cable. M n is the infinite outer medium, representing the environmental medium (air or soil) outside the cable. Figure 1b is the equivalent calculation model of reflection in Figure 1a . According to acoustic theory in [22] , [23] , when the time is t, the complex expressions of the spherical wave pressure p M i (t, r) and the particle vibration velocity v M i (t, r) at the point in medium M i with distance r from sound source are expressed as Eq. (4) and Eq. (5).
where A i is the amplitude of p i,t at 1m from the sound source p s in Figure 1b , and p i,t is the sound pressure of the incident or refracted wave in M i . B i is the amplitude of p i,r at 1m from the sound source p s in Figure 1b , and p i,r is the sound pressure of the reflected wave in M i . p s is a virtual sound source, and is symmetric with the p s . The symmetry plane is the interface between M i and M i+1 . M i and M i+1 are two different media. When the outermost medium is infinite, the reflected wave B i is 0. α i = ωη (2c a ), η is the loss coefficient of the medium M i , metal is 0.001, and composite is 0.1. ω = 2π f a , f a is sound wave frequency. k = ω c a , c a is sound wave speed. r i is the distance between the media interface of M i and M i+1 from the sound source. Sound pressure and particle vibration velocity are continuous at the interface. The boundary condition at the interface is Eq. (6) .
Bringing the Eq. (4) and Eq. (5) into the Eq. (6), the matrix propagation equation (7) of the two-layer medium can be obtained.
where T r i ,i , T r i ,i+1 are the propagation matrices of the medium M i and M i+1 , respectively. The matrix is a constant matrix when mediums are known. Through the recursive relationship of Eq. (7), we can get the propagation Eq. (8) of the PDUW from the cable PD point to the external environment.
A n and B n are the variables of the outermost medium. The outermost layer is air or soil, approximately infinite medium, B n = 0. The relationship between A 1 and P R is
Solving Eq. (8), we can obtain A n and B 1 , and bring them into Eq. (7) to get A i and B i for each layered medium. Finally, bringing A i and B i into Eq. (4), we can get the sound pressure at each point on the propagation path, including the sound pressure p o of the PDUW of the cable at the sensing fiber.
After the above analysis, the sound pressure p o can be obtained, and then the influence of the PDUW on the deformation of the sensing fiber can be studied.
C. ACOUSTIC WAVE MONITORING MODEL BASED ON φ-OTDR
When the PDUW of the cable propagates to the sensing fiber, the acoustic vibration causes the sensing fiber to deform. The deformation of the sensing fiber is shown in Figure 2 .
According to Figure 2 , we can establish the equation of the relationship between fiber strain ε and sound pressure and solve the equation to obtain the fiber strain change ε.
where p O is the PDUW pressure at the sensing fiber. E is Young's modulus of the fiber, E = 7 × 10 10 Pa. Eq. (9) shows that the higher the sound pressure, the greater the amount of fiber strain change.
Because the BRLI in the fiber changes after the deformation of the sensing fiber, we can monitor the PDUW by monitoring the change of the BRLI to determine and locate the PD of the cable.
A schematic diagram of a one-dimensional impulse response model of BRLI is shown in Figure 3 .
The expression of BSRLI in [25] is Eq. (10), Eq. (11) and Eq. (12) . 
where k represents the k th measurement, and N is the number of scattering centers in the fiber. a i is the scattering coefficient of the i th scattering center. α is the fiber attenuation coefficient. c is the speed of light in vacuum. n f is the refractive index of the fiber. τ i is the delay time of the scattered light at the i th scattering center, τ i = 2n f z i c and z i is the position of the scattering center. W is the width of the light pulse.
ϕ ij is the optical phase difference between the scattering center i and j. ϕ ij is the amount of change in ϕ ij caused by fiber deformation and the expression of ϕ ij is Eq. (13) .
where λ is the wavelength of light. C ε is the strain coefficient of the refractive index [26] . Because the pressure of the sound wave is small, the strain change of the fiber is small and ϕ ij π 2. The BRLI change of each scattering center in the fiber, I k (z i ), is Eq. (14) .
where z i = tc 2n f . It can be seen from the above analysis that the larger the PD of the cable, the stronger the PDUW of the cable, and the greater the strain variation of the optical fiber. When ϕ ij π 2, it can be known from Eq. (13) and Eq. (15) that the larger the strain variation of the fiber, the larger BRLI variation of the fiber.
To determine and locate the PD of the cable, we specify M measurements as one measurement cycle. The vibration magnitude of each scattering center in a measurement cycle is determined by the vibration coefficient K i . The expression of K i is as Eq. (15) .
where z st is the reference segment which is no PD. The Eq. (15) shows that the higher vibration coefficient is at a certain point, the more enormous change in the BRLI is, and the more considerable discharge is.
The discharge of the cable is too small to cause the fiber to vibrate. At this time, the method cannot detect the PD of the cable. Therefore, this method has a limit on the minimum measurable amount of PD. The minimum measurable discharge is defined as the sensitivity of the monitoring method, and the vibration coefficient of the sensitivity is determined as the vibration threshold K th . When K i ≥ K th , there is a PD fault at the corresponding position of the cable.
III. SIMULATION AND EXPERIMENT
In this paper, we establish a PDUW generation model of cable, analyze the distribution of PDUW inside the cable and the influence of PDUW on the deformation of the fiber and study the relationship between the strain of the fiber and the change of the BRLI in the fiber. Finally, we obtain the method of judging and locating the PD of the cable by the change of the BRLI in the fiber. We set up experiments to verify the feasibility of the method.
There are two ways to install fiber: presetting inside the cable and laying on the cable surface. This article chose two types of cables for simulation: YJLW03-1×630-64/110kV and YJV-3×400-8.7/10kV. The cable cross-section diagram is shown in Figure 4 , and the structure parameters are in Table 1 .
According to the actual working condition of the cable, for calculation and simulation, the voltage to ground of the 110kV cable is set to 63.5kV and 10kV cable is 7kV. The average of apparent charge of PD is 100pC. The 110kV cable PD point is located at 4.85 mm from the surface of the core wire, and 10kV is 1.75 mm. The position of the sensing fiber is shown in Figure 4 . 
A. CALCULATION AND SIMULATION COMPARISON OF PDUW DISTRIBUTION IN THE CABLE
According to the actual working condition of the cable, for calculation and simulation, the voltage to ground of the 110kV cable is set to 63.5kV and 10kV cable is 7kV. The average of apparent charge of PD is 100pC. The 110kV cable PD point is located at 4.85 mm from the surface of the core wire, and 10kV is 1.75 mm. The position of the sensing fiber is shown in Figure 3 . The internal average temperature of the cable is 45 • C, and the air pressure is 1 atm. The radius of the cable air gap is set to 0.5 mm, and density is ρ = 1.1037kg/m 3 .
By calculating Eq. (3) and Eq. (4), the 110kV cable A 1 is 0.04252Pa·m and the 10kV cable is 0.00441Pa·m. The comparison between the sound pressure calculation results on the path shown in Figure 4 and the Ansys simulation results are shown in Figure 5 .
In Figure 5 , the maximum error between the calculation result and the simulation result is 4.8% in Figure 5c . The model of cable PDUW can accurately calculate the distribution of PDUW. The pre-set and the surface fiber of buried cable can monitor stranger sound pressure, so the PD monitoring is better. In the tunnel, when the surface fiber is tightly attached to the cable, the monitored sound pressure is much higher than when the fit is not tight. Therefore, when monitoring the PD of the cable in the tunnel, the fiber and cable surface needs to be tightly fitted.
B. CALCULATION AND EXPERIMENT OF OPTICAL FIBER MEASURING PD
The type of cables used in the experiment was YJV -3×400-8.7/10kV. Optical fiber sensing equipment was ϕ-OTDR fiber vibration monitor. The experiment was carried out on the cable PD experimental monitoring platform. Figure 6 shows the arrangement of the fiber out the cables.
There are three types of PD faults: scratches, micropore, and floating electrodes in the cable. During the experiment, the voltage applied to the cable was 7kV, and the average discharge of the scratch and the suspended electrode are about 100pC, and the micropore is 200pC. The simulation calculation was 100pC. The sensing fiber is single-mode fiber with a length of 60 m. The fiber is laid tightly on the cable surface. Reference segment at the head of the cable. Figure 7 is the BRLI change results of simulation and experiment.
In Figure 7 , color indicates the degree of BRLI change in the fiber. The redder the color is, the more the degree of BRLI change is. In Figure 7a , we set up the PD point at location 17 and the reference point at location 1. The color at location 17 is redder than location 1. In Figure 7b , 7c and 7d, we test the PD of cables. The results show that PD points color is redder than reference segments. The conclusion of the theoretical analysis is consistent with the experimental results. The degree of BRLI change at the PD points is significantly greater than the intact position. Using the heat map like Figure 7 , we can visually find and locate the PD of the cable. Figure 7d contains two PD points. The results show that the method can monitor and locate multiple PD faults on the cable.
In Table 2 , the vibration coefficient of simulation is approximately equal to the vibration coefficient of the experiment of the equivalent discharge. The main cause of the error is the constant change of the discharge during the experiment. However, we use the average value in the simulation. Also, when the partial discharge amount increases, the vibration coefficient increases, which is consistent with the theoretical analysis result of Eq. (16) . Therefore, we can use the vibration coefficient to estimate the severity of the cable PD.
When the discharge is higher than 300pC, the cable is in an abnormal state [28] . At this time, the theoretical calculation value of the vibration coefficient of the experimental cable in this paper is K = 11.97. Therefore, for the same type of cable, when K ≥ 11.97, the cable status is abnormal and should be monitored.
It can be seen from Eq. (16) that when K th = 3, the method can clearly distinguish the PD of the cable, and the sensitivities of the 110kV cable (YJLW03-1×630-64/110kV) and 10kV cable (YJV-3×400-8.7/10kV) in this paper can be obtained by theoretical calculation and are shown in Table 3 . Table 3 shows that the monitoring method in this paper has different sensitivities for different cables. Cable with preset fiber and buried cable are more sensitive than without preset fiber cable in a tunnel.
IV. CONCLUSION
In this paper, we propose an online monitoring method for PD of cables based on the principle of ϕ-OTDR and verify the feasibility of this method through simulation, calculation, and experiment. Analyzing the research results, we get the following conclusions.
1) The monitoring method in this paper can better monitor the cable with preset fiber and the buried cable. In order to better monitor the cable without pre-set fiber in the tunnel, the fiber and cable surface need to be tightly fitted.
2) The monitoring method in this paper has different sensitivities for different cables. Cable with preset fiber and buried cable are more sensitive than without preset fiber cable in a tunnel.
3) The cable PD monitoring method proposed in this paper can detect and locate the cable PD in time and alarm the abnormal state. It is of considerable significance to reduce significant cable faults, extend the service life of the cable, and ensure the safe and stable operation of the cable.
